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Abstract 
Most research on numerical development in children is behavioural, focusing on accuracy 
and response time in different problem formats. However, Temple and Posner (1998) used ERPs 
and the numerical distance task with 5-year-olds to show that the development of numerical 
representations is difficult to disentangle from the development of the executive components of 
response organization and execution. Here we use the Numerical Stroop Paradigm (NSP) and 
ERPs to study possible executive interference in numerical processing tasks in 6–8-year-old 
children. In the NSP, the numerical magnitude of the digits is task-relevant and the physical size 
of the digits is task-irrelevant. We show that younger children are highly susceptible to 
interference from irrelevant physical information such as digit size, but that access to the 
numerical representation is almost as fast in young children as in adults. We argue that the 
developmental trajectories for executive function and numerical processing may act together to 
determine numerical development in young children.     
 
Keywords: Development, Numerical representation, Executive functions, Event-related 
potentials, Numerical Stroop paradigm  
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According to the most widely accepted theory of numerical cognition (Dehaene, 1997), the 
human brain represents numerical magnitudes in an analog manner. This analog magnitude 
representation is akin to the way we represent physical magnitudes, for instance size, luminance 
or line length. Several investigators have studied the putative electrophysiological markers of the 
analogue magnitude representation in adults (Dehaene 1996; Pinel et al. 2001; Szucs and Csepe 
2004a,b, 2005a,b; Libertus et al. 2007) and in adolescents/children (Temple and Posner, 1998; 
Szucs et al. 2007; Soltész et al. 2007; Soltész et al. 2010 [submitted]). Some of these studies 
have demonstrated that the impact of developing executive functions has to be taken into account 
if we want to understand behavioral developmental effects in number cognition (Temple and 
Posner, 1998; Szucs et al. 2007; Szucs et al. 2009). As demonstrated by Temple and Posner 
(1998), electro-encephalography (EEG) provides an optimal means to disentangle numerical and 
executive processes because of its high temporal resolution. In the current study, our objective 
was to disentangle executive and numerical processes in the developmental trajectory of 
numerical processing during the initial stages of primary school education. 
The most important marker of basic numerical processes is the so-called numerical distance 
effect (NDE). According to the NDE, the larger the distance between two numbers, the easier it 
is to discriminate between them (Moyer and Landauer, 1967). In other words, it is more difficult 
to judge two magnitudes as different when they are close to each other (i.e. more similar to each 
other) than when they are further apart. An analogy is being at a party and trying to select the 
largest piece of birthday cake. If the host cuts the cake into pieces of obviously different 
magnitude, the choice is easy. However, if the cake has been cut precisely, so that the pieces are 
very similar to each other in size, it takes more time and effort to select the largest piece. In the 
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same way, numerical magnitudes which are closer to each other (e.g. 3 and 4) are more difficult 
to discriminate than magnitudes which are further apart (e.g. 3 and 9).  
The numerical distance effect is considered as a marker of the activation of the magnitude 
representation in the brain. Its existence has been shown consistently in number comparison or 
number discrimination tasks given to animals (e.g. Mechner, 1958; Platt and Johnson, 1971; 
Whalen et al., 1999; Gallistel and Gelman, 2000; Cantlon and Brannon, 2007), infants (Xu and 
Spelke, 2000; Brannon, Abbot and Lutz, 2004; Xu and Arriaga, 2007), children (Sekuler and 
Mierkiewitz, 1977; Rouselle and Noel, 2008), and adults (for reviews see: Gallistel and Gelman, 
2000; Feigenson et al., 2004; Dehaene et al, 2004; Cantlon et al., 2008). The fact that the NDE is 
found across species and ages in number discrimination tasks suggests that we all share an 
evolutionary inherited, common representation of approximate numerical magnitudes. 
Neuroimaging studies suggest that the analog magnitude representation may reside in the 
horizontal intraparietal sulcus of the human brain (for an overview see Dehaene et al., 2004). The 
NDE has been demonstrated in blood-oxygen-level-dependent responses in functional magnetic 
resonance studies (Pinel et al, 2001; 2004; Piazza et al, 2004; 2007; Kaufmann et al, 2005) and 
also in stimulus-related electrical activity measured by electro-encephalography (event-related 
potentials: ERPs). In ERPs, the distance effect has been demonstrated in adults (for example: 
Grune, 1993; Dehaene, 1996; Szucs and Csépe, 2004, 2005) and in children (Szucs et al., 2007; 
Temple and Posner, 1998). ERP signatures of the NDE have also been shown in adolescents with 
developmental dyscalculia (Soltész et al., 2007), suggesting broad similarity of magnitude 
processing in the brain across ages and populations.  
ERP measurement has the advantage of high temporal resolution (in the range of 
milliseconds). This means that it can capture neural signatures of cognitive processes long before 
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the overt responses are made. For example, Temple and Posner (1998) asked adult and 5-year-
old participants to decide whether a number presented visually was smaller or larger than five. 
The magnitude judgement was made by pressing a button. When the target number was smaller 
than 5, the response required one button, and when the target number was larger than 5, the 
response required another button. Temple and Posner reported a considerable difference in the 
speed of the response (pressing the button) between children and adults: children were more than 
3 times slower, lagging behind adults by approximately one second (480 ms response time in 
adults and 1495 ms response time in children). Surprisingly, there was no such difference in the 
numerical distance effect, which was measured by ERPs. Both children and adults showed the 
ERP distance effect at around 200 ms after stimulus presentation. The ERPs hence indicated that 
numerical processing was as fast in children as in adults. Temple and Posner suggested that the 
delayed magnitude judgements in children were due to less well-developed inhibitory and 
response organization abilities. Access to numerical representations per se appeared to be as fast 
in children as in adults. Temple and Posner’s (1998) data suggest that the co-development of 
executive functioning and numerical skills has to be disentangled in research on numerical 
development. The important implication of their findings is that the most important 
developmental changes affecting behavioral outcomes in simple number comparison tasks may 
occur at the level of executive functioning rather than at the level of number processing skills. 
By corollary, developmental difficulties in executive functioning may play a previously 
unsuspected role in developmental dyscalculia (Soltész et al., 2007; Soltész and Szucs, 2009).  
 One way of disentangling executive and numerical processes is to use the numerical Stroop 
paradigm (Szucs et al. 2007; see later). In the numerical Stroop paradigm (NSP), it is possible to 
test simultaneously number processing skills, the organization of responses and the inhibition of 
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irrelevant information. This makes the NSP an excellent paradigm for investigating whether 
separate developmental trajectories for executive versus number skills play a role in numerical 
development. As in the classic color-word Stroop paradigm (Stroop, 1935), the numerical Stroop 
paradigm varies the perceptual features of the stimuli so that their conceptual meaning is either 
facilitated or interfered with. In the color-word Stroop, when the meaning of the word is in 
agreement with the ink color of the word (e.g. the word ‘red’ written with red ink), participants 
show facilitation in naming the ink color of the written words. This is the congruent condition. 
When the meaning of the word is in conflict with the ink color of the word (e.g. the word ‘red’ 
written with green ink), participants show inhibition in naming the ink color of the written 
words, responding more slowly and making more errors. This is the incongruent condition. 
Similarly, the task-relevant and the task-irrelevant dimensions can be congruent or incongruent 
with each other in a numerical comparison task.  
   --------------------------- 
   Figure 1 around here 
   --------------------------- 
With the initial version of this paradigm (Besner and Coltheart, 1979), one can examine 
whether physical size interferes with numerical magnitude, or not. When first applied, the 
numerical Stroop paradigm was theoretically the opposite of the original Stroop paradigm: 
participants were asked to decide upon the numerical size (the meaning of the symbol) and to 
ignore the physical size (the physical attribute of the symbol). In fact, physical size interferes 
with the numerical magnitude: participants slow down and commit more errors, when the 
physical dimension of the stimuli is incongruent with the numerical meaning.In the NSP the 
numerical and the physical magnitudes of digits are varied in an orthogonal fashion. If the 
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numerically larger number is larger in physical size as well, this constitutes the congruent 
condition. If the numerically larger number is smaller in physical size, this constitutes the 
incongruent condition (see Figure 1). Facilitation is the gain in accuracy and in response time in 
the congruent condition and interference is the cost in accuracy and in response time in the 
incongruent condition. When adult participants are asked to compare numerical magnitudes and 
ignore the physical dimension of the stimuli, usually both facilitation and interference effects are 
found (Besner and Coltheart, 1979; Henik and Tzelgov, 1982; Tzelgov et al, 1992). These 
findings suggest that the representations of, and/or the decisional processes on, numerical and 
physical magnitudes are overlapping with each other. The Stroop effects show that physical 
features are automatically processed, even when they are irrelevant to the task. Posner (1978) 
described automaticity as a process which is similar to reflexive behaviour, in that it runs without 
intention, attention or awareness. Although the role of attention is debated (e.g. Carr, 1992), it is 
agreed upon that an automatic process does not need monitoring to be executed (Zbrodoff and 
Logan, 1986; Logan, 1980).  So that, if the non-monitored (task-irerlevant) features of the stimuli 
influence task performance and an interaction of the relevant and irrelevant features emerge, one can 
conclude that the irrelevant features are auotmatically processed.  The interaction of numerical and 
physical magnitudes has been called the size congruity effect (Besner and Coltheart, 1979). This 
size congruity effect serves as an indicator of cognitive conflict and can be used as a measure of 
automatic processing and inhibition. More precisely, both facilitation and interference indicate 
the automatic processing of a certain feature (Logan, 1980), while interference reflects the 
inability to inhibit irrelevant and conflicting information as well (Posner, 1978; Rubinsten et al., 
2002). In the case of an incongruent stimulus, it is one’s best interest to inhibit irrelevant 
information, in order to avoid the conflict during problem solving or task execution. If 
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interference is present, it reflects that the inhibition of irrelevant information was not fully 
successful.  
Two behavioural studies have been undertaken to explore the size congruity effect in 
children. Girelli et al. (2000) tested 1st, 3rd and 5th graders and adults in the NSP. In the numerical 
task, where subjects had to pick the numerically larger digit, Girelli et al. reported significant 
size congruity effects for all age groups. More precisely, facilitation was significant and did not 
change across age, while there was a developmental pattern for interference. Interference effect 
was significant in accuracy in all grades, but it emerged only in 3rd grade in RTs, suggesting that 
younger children were less sensitive to interference than their older peers. Girelli et al. argued 
that the effect of incongruity was determined by the level of integration between the two 
dimensions: the association between numerical symbols and their meanings develops gradually 
in the course of learning. Physical size was processed automatically and inevitably by young 
children, thereby leading to the facilitation effect. The representational integration of Arabic 
numerals and physical size was not fully complete yet, thereby leading to the lack of the 
interference effect. According to this interpretation, the link between Arabic numerals and their 
referents (i.e., their numerical magnitudes) are not yet established by 1st grade. Slightly different 
developmental effects were reported by Rubinsten et al. (2002). They investigated the 
development of the size congruity effect within the very first year of school, comparing a group 
of children from the beginning and a group of children from the end of the 1st school grade. They 
also tested 2nd and 3rd graders. At the beginning of grade 1, the size congruity effect was mainly 
composed of facilitation, without an interference component. The interference effect became 
significant from the end of the 1st grade (although accuracy data was not analysed in this study). 
Rubinsten et al.’s (2002) results support the conclusions of Girelli et al (2000), in that the 
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representation of physical magnitudes does not appear to be integrated with the numerical 
magnitudes represented by Arabic digits prior to the beginning of schooling.  
As both Girelli et al. (2000) and Rubinsten et al. (2002) utilised purely behavioral Stroop 
measures, it is not clear that the interference and facilitation effects that they document take 
place at the level of numerical representation. As demonstrated in the seminal ERP study by 
Temple and Posner (1998), the significant developmental effects might take place after accessing 
numerical representations, during the response organization phase. As discussed earlier, ERP 
provides an excellent tool for tracking these different cognitive processes in real time, before the 
overt behavioral response has been made. Recently, we documented this for older children in an 
ERP study using the NSP (Szucs et al., 2007). In our study, we used a numerical Stroop 
paradigm to investigate the speed of numerical processing and the role of response organization 
and inhibition in children from Grades 3 - 5. In the NSP the task-relevant dimension is the 
numerical magnitude of the digits; the task-irrelevant dimension is the physical size of the digits. 
Participants have to make their decisions about numerical magnitudes and have to ignore the 
physical size of the stimuli, enabling voluntary number processing and the inhibition of 
irrelevant information to be measured at the same time. First, we found that access to numerical 
representation occurred between 140-320 ms for both children and adults. This was indicated by 
the numerical distance effect. Second, the ERP data showed that the interference from irrelevant 
information was more enhanced during response organization and response selection phases in 
children than in adults. The peak latency of the P3 ERP wave was used as an indicator of 
processing time: processes prior to the P3 are related to stimulus processing and processes after 
the P3 are related to response organization and response execution (Kutas et al., 1977; McCarthy 
and Donchin, 1981; Magliero et al., 1984).We found that the latency of adults’ P3 wave was 
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dependent on congruency, suggesting that the resolution of conflicting information happened 
during stimulus processing, before the initiation of the response. Meanwhile, the P3 latency in 
children was not influenced by congruency; rather, the effect of congruency was found to be 
stronger in children after the P3 wave. We concluded that cognitive conflict in the NSP is not 
resolved until response initiation and execution are complete, and that this cognitive conflict was 
stronger during the response phase in children than in adults. 
In the present study, we extended the paradigm used by Szucs et al. (2007) to younger 
children. We had two interrelated aims. First, we were interested in the interplay of numerical 
processing and executive functioning in children at the beginning of primary or elementary 
school (Grades 1-3). Because physical magnitudes are more salient to young children than 
numerical magnitudes (Piaget, 1952), we expected that physical size would be processed in a fast 
and automatic manner, leading to a strong facilitation effect. However, interference was also 
expected to be more robust in children, because of their relative inability to inhibit irrelevant 
information in comparison to older children. Second, we attempted to replicate and extend our 
earlier findings on the numerical distance effect (Szucs et al, 2007) to younger children. Based 
on previous results (Temple and Posner, 1998; Szucs et al, 2007), we expected that the 
processing of numerical magnitudes, indicated by the ERP numerical distance effect, could be as 
fast in these younger children as in adults.  
 
Methods 
Participants.  
Twenty-five children aged between 6 and 8 years participated in this study, along with 25 
adults. Children (from grades 1 (n=8, age: 6.2 ± 0.9 years), 2 (n=12, age: 7.4 ± 0.7 years) and 3 
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(n=5, age: 8 ± 0.7 years)) were recruited from primary schools in and around Cambridge, UK. 
Only children who had no learning difficulties (e.g. dyspraxia, ADHD, autistic spectrum 
disorder, specific language impairment [SLI]), a nonverbal IQ above 85, and English as the first 
language spoken at home were included. Adults were recruited via advertisements (N=25, mean 
age: 28.8 years). All children came from middle socio-economic groups and were white-
Caucasian. Written informed consent was obtained from parents and the study was approved by 
the Cambridge Psychology Research Ethics Committee. 
 
Numerical Stroop Paradigm 
This was a computerized Stroop task. In each trial, participants were shown two one-digit 
numbers on a 17-inch screen, located approximately at 1 metre distance from their eyes. There 
were 4 possible types of number pairs: 1-2, 1-8, 2-9, and 8-9. There were also two different 
numerical distances: distance 7: 1-8, 2-9, and distance 1: 1-2, 8-9. The side on which the larger 
number appeared was counterbalanced (2 instances for all number pairs). The same digits were 
purposely used at both numerical distances (1, 2, 8 and 9). This was done to ensure that the digits 
were perceptually identical at both numerical distances, avoiding any possible perceptual effects 
which could have been confounded with numerical distance. 
The number pairs were presented in 3 conditions. In the Congruent condition, the 
numerically larger number was larger in physical size (50 points) than the other digit (40 points). 
In the Incongruent condition, the numerically larger digit was smaller in physical size. In the 
Neutral condition, both digits were of the same physical size (45 points) and only their numerical 
meaning differed. The subjects’ task in each case was to indicate the numerically larger number 
as fast as possible by depressing a button on a gamepad with their left or right index finger. If the 
 12
number on the left was larger, they had to press the left button. If the number on the right was 
larger, they had to press the right button. A schematic figure of a trial is shown in Figure 2. 
    --------------------------  
    Figure 2 about here 
    -------------------------- 
Stimuli order was pseudo-randomized, so that all possible number pairs were presented an 
equal number of times and to ensure that the same stimuli could not follow each other more than 
2 times in a sequence. There were 10 blocks of 48 stimuli, preceded by 24 practice stimuli. The 
experiment lasted for approximately an hour1. Adult participants were paid £10 per hour; 
children were rewarded with sweets and with a custom designed T-shirt (independent of task 
performance). 
 
Results 
Behavioural Data 
Both response time (RT, in milliseconds) and accuracy data (percent correct, %) were 
collected and analyzed. Only the correctly responded trials were considered in the RT analysis. 
Trials omitted from the EEG analysis (see later) were also omitted from behavioral analysis, in 
order to keep correspondence between the behavioral and EEG data.  Median RT and accuracy 
data were subjected to a mixed design repeated measures ANOVA with the between-subject 
factor of Group [adults and children] and the within-subject factors of Congruency [Neutral, 
                                                 
1 In case of children, the number of recorded blocks was variable and depended on the actual child. We aimed 
for at least 5 blocks; when children seemed or indicated that they were tired, or not interested any more in the task, 
the experiment was halted.  
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Congruent and Incongruent] and Numerical distance [Distance 1 and 7]. Facilitation and 
interference effects were calculated by comparing the differences between the pairings of neutral 
and congruent (facilitation), and neutral and incongruent (interference) conditions. Measures of 
‘facilitation’ and ‘interference’ were also derived. The ‘facilitation’ effect was calculated by 
subtracting RT and accuracy in the neutral condition from RT and accuracy in the congruent 
condition. The ‘interference’ effect was calculated by subtracting RT and accuracy in the neutral 
condition from RT and accuracy in the incongruent condition. ‘Facilitation’ and ‘interference’ 
effects were compared by a separate ANOVA (Group × Facilitation/Interference) in the cases 
where this comparison contributed to a better understanding of congruency effects. Greenhouse-
Geisser corrected p and epsilon (ε) are reported where necessary (when the sphericity assumption 
of the repeated measures ANOVA was violated). Post-hoc contrasts were calculated using the 
Tukey-Cramer test. Analyses were carried out with the Statistica (StatSoft Inc.) software. 
    --------------------------  
    Figures 3,4 about here 
    -------------------------- 
Congruency effects in accuracy are shown in Figure 3A and facilitation and interference 
effects in Figure 3C. The ANOVA for the median accuracy data revealed significant main effects 
of Group (F(1,43)=46.99, p<0.0001) and of Congruency (F(2,86)=24.66, ε=0.78, p<0.003). 
Children committed more errors than adults (mean and standard error of accuracy: 95.67% (0.34) 
and 99.21% (0.38)). The Group × Congruency interaction was also significant (F(2,86)=24.66, 
ε=0.78, p<0.003). The main effect of Numerical distance was not significant (p>0.14), but its 
interaction with Congruency was significant (Congruency × Numerical distance: F(2,86)=4.73, 
ε=0.68, p<0.03). According to post-hoc comparisons, facilitation was not significant in adults 
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(Congruent vs. Neutral: p=1). Interference was also not significant in adults but showed a strong 
statistical trend (p=0.067). In children, facilitation was also not significant (p>0.9), but the 
interference effect was significant (p<0.0002) and was much steeper than the interference effect 
in adults (see Figure 3C). The ‘Interference’ effect was significantly stronger in children than in 
adults (p<0.0003), while the ‘facilitation’ effect did not differ between the two groups (p>0.92). 
The post-hoc comparisons also revealed that the interference effect (neutral vs. incongruent) was 
larger in Numerical distance 1. This is shown in Figure 3C. 
Congruency effects in response time are shown in Figure 3B and facilitation and 
interference effects in Figure 3D. The ANOVA for the median response time data revealed main 
effects of Group (F(1,43)=85.18, p<0.0001) and of Congruency (F(2,86)=76.05, ε=0.9, 
p<0.0001). Children were significantly slower than adults (mean and standard error for children 
and adults: 983.64ms (30.9), 555.97ms (34.55)). Regarding Congruency effects, the Group × 
Congruency interaction was also significant (F(2,86)=11.3, ε=0.9, p<0.0001). Post-hoc testing 
revealed that facilitation (congruent vs. neutral) and interference (incongruent vs. neutral) effects 
were both significant in children (both comparisons <0.0003). However, in adults, only 
interference was significant (p<0.0002 and p>0.3). Similar to the accuracy data, and as can be 
seen in Figure 3C, the ‘interference’ effect was significantly larger in children than in adults 
(p<0.03). The main effect of Numerical distance was found to be significant in response times 
also, (F(1,43)=42.01, p<0.0001). Small numerical distances yielded longer RTs (mean and 
standard error: 797.06 ms (54.47)) than large numerical distances (742 ms (60.81)). This is 
shown in Figure 4B. 
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ERP data 
Electrophysiological data were recorded by EGI’s 65-channel Geodesic Sensor Net. The 
sampling rate was 500 Hz and an online band-pass filter of 0.01-70 Hz was used. The data were 
band-pass filtered between 0.01-30 Hz offline. Epochs were extracted time-locked to the stimuli, 
from -100 to 800 ms relative to the stimulus presentation time (where stimulus presentation time 
was time 0). Epochs were then baseline-corrected relative to the -100 to 0 ms interval relative to 
the stimulus onset. Average reference was recomputed from the Cz electrode. Epochs containing 
voltage deviations exceeding ±150µV relative to the baseline at any of the recording electrodes 
were rejected. Trials contaminated with strong alpha activity were rejected: when the power of 
alpha exceeded 3 standard deviations from the average alpha activity within subject, trials were 
excluded from further analyses. Subjects showing strong alpha activity in comparison to the 
group average were also excluded. Noisy channels (which for example lost contact with the head 
surface during recording) were interpolated. Only trials from correct responses were kept for 
both ERP and RT analyses. For the purpose of a one-to-one matching of ERP data and 
behavioural data, trials excluded from ERP analyses (during artefact rejection) were not included 
in RT analyses either. 
The resulting data matrix of [electrodes × time points × participants × conditions] was 
entered into a point-by-point Congruency[3] × Numerical distance[2] repeated measures 
ANOVA, separately for each group (children and adults). In order to deflate the possibility of the 
Type I error, effects were considered as significant at alpha=0.025 across at least 5 consecutive 
time points (10ms) and at least 3 electrode sites. Second, time points showing significant 
experimental effects were averaged across the time window showing the significant effect at 
each significant electrode and were entered into an Electrode × Congruency × Numerical 
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distance ANOVA. Results of such an ANOVA are referred to as composite F and p values. 
Electrodes with negative and positive voltages were averaged separately and entered into 
separate ANOVAs. The distinct analyses of electrodes with opposite polarities are necessary in 
order to avoid annulations of effects by averaging positive and negative values together during 
analysis of variance computations. Also, in some instances, although the polarities were not the 
opposite, the direction of the experimental effect could show the opposite pattern (the effect 
‘turns around’). These opposing patterns of experimental effects were revealed by post-hoc 
comparisons of Electrode × [experimental effect] interactions; those electrodes were also 
analyzed in separate blocks. Peak latencies of the P300 ERP component were extracted and 
subjected to a Congruency × Numerical distance ANOVA. A program script searched and 
extracted the latency of maximum amplitude in the range of 300-600 ms in adults and in the 
range of 400-700 ms in children.  
    --------------------------  
    Figures 5, 6, 7, 8, about here 
    -------------------------- 
The ERP data showed Congruency main effects for both children and adults. Significant 
ERP congruency effects in adults, their topographies and representative waveforms are shown in 
Figure 5. Congruency effects appeared in three consecutive time intervals. The first congruency 
effect appeared over frontal and parietal electrodes between 210-250 ms (composite ANOVA 
results: F(2,38)=26.24, ε=0.94 p<0.0001). The second congruency effect appeared over frontal 
and centro-parietal electrode sites between 320-420 ms (F(2,38)=14.63, ε=0.74, p<0.0002). The 
third congruency effect appeared again over frontal and centro-parietal electrode sites between 
550-700 ms (F(2,38)=5.36, ε=0.96, p<0.01). Significant ERP congruency effects in children, 
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their topographies and representative waveforms are also shown in Figure 5. Two consecutive 
congruency effects were detected in children. The first congruency effect appeared over frontal 
and centro-parietal electrodes between 320-390 ms (F(2,48)=6.67, ε=0.94, p<0.004). The second 
congruency effect appeared again over frontal and centro-parietal between 580-680 ms 
(F(2,48)=7.38, ε=0.87, p<0.003). From the dipole-like topographic distribution of the 
congruency effect, where two spatially distinct areas showed significant effects (frontal and 
centro-parietal), voltages measured at the centro-parietal electrodes were averaged across time 
and were selected for the report of composite F and p values. 
The ERP congruency effects (except for the first interval in adults) appeared within the 
latency range of the P300 ERP wave. In order to determine whether ERP amplitude effects were 
related to potential effects of congruency on P300 latency we analyzed the peak latency of the 
P300 wave. The peak latency data indeed showed a congruency effect in adults (F(2,36)=19.89, 
ε=0.82, p<0.0001) but not in children (p=0.20). In adults, the latency of the P300 was the 
shortest in the congruent condition (mean and standard deviation: 399±52ms), followed by the 
neutral (410±57ms), and incongruent conditions (429±69ms). Post-hoc Tukey tests revealed that 
there was a significant interference effect (neutral vs. incongruent contrast: p<0.002). There was 
also a marginally significant facilitation effect (neutral vs. congruent: p=0.07). 
Both children and adults showed Congruency × Numerical Distance interactions in ERP 
amplitude (see Figures 6 and 7). In adults, the interaction appeared in two consecutive time 
intervals (topographies and mean amplitudes are shown in Fig. 6A-B). The first interaction effect 
appeared between 320-360 ms over frontal and parietal electrode sites (F(2,38)=7.82, ε=0.92, 
p<0.002). The second interaction effect appeared between 480-520 ms at parietal electrodes 
(F(2,38)=8.65, ε=0.98, p<0.0009). The interaction effect in children is shown in Fig. 7. The 
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effect appeared between 200-300 ms over fronto-central electrode sites (F(2,48)=9.61, ε=0.87, 
p<0.0007). Besides the congruency × Distance interaction, there was a significant main effect of 
numerical distance on ERP amplitude in adults. The topography of distance effects is shown in 
Figure 8A. Typical waveforms are shown in Figure 8B. The first effect appeared between 170-
200 ms (F(1,19)=28.24, p<0.0001). A second effect appeared between 350-450 ms 
(F(1,19)=17.02, p<0.006).  
The main effect of numerical distance was not significant in children. 
Discussion 
Here we investigated the automaticity and inhibition of irrelevant perceptual features during 
numerical processing in children aged 6 – 8 years and in adults by combining behavioural and 
ERP data. We used the numerical version of the Stroop paradigm, in which the irrelevant 
physical size of the stimuli cannot be ignored and interacts with numerical information, yielding 
size congruity effects (Banks and Flora, 1977; Besner and Coltheart, 1979; Henik and Tzelgov, 
1982). The size congruity effect depends on both interference, i.e. the loss in incongruent trials 
and facilitation, i.e. the gain in the congruent trials. Interference effects were found in both 
childrens’ and adults’ behavioural data. However, facilitation was significant only in the 
childrens’ data which contradicts earlier findings where facilitation was significant in adults as 
well (for example Girelli et al., 2000; Szucs et al., 2007).  The lack of facilitation in the 
behavioural data of adults can be explained by ceiling effects; they were 100% accurate and almost 
equally fast in the neutral and congruent condition. However, the latency of the P3 ERP component 
showed a strong effect of facilitation, suggesting that stimulus evaluation and/or decision was in fact 
enhanced in adults in the congruent condition. Therefore, irrelevant physical information was 
unintentionally processed by both children and adults. Furthermore, interference was 
significantly stronger in children than in adults. The stronger interference in children suggests 
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that inhibition of irrelevant information is less efficient in children than in adults. Meanwhile, the 
strong facilitation effect in children is indicative of the strong automaticity of processing 
perceptual information. Our behavioural results support our initial hypotheses: first, children are 
more prone to interference from irrelevant information, due presumably to less well-developed 
response control and executive functioning (Dowsett and Livesey, 2000; Brocki and Bohlin, 
2004; Davidson et al, 2006). Second, the strong facilitation effects found for children suggest 
that physical magnitudes are more salient to children than numerical magnitudes (Piaget, 1952). 
The data suggest that, during the course of learning mathematics, the efficient inhibition of 
interfering information is just as important as the speed and automaticity of processing task-
relevant information.   
In order to index the development of numerical processing as well, we also tested the 
numerical distance effect. The distance effect is said to indicate the activation of the analogue 
magnitude representation (Dehaene, 1996). We found that the numerical distance effect was 
significant in the behavioural data from both groups. Furthermore, there was a significant 
interaction between congruency effects and the numerical distance effect, for both children and 
adults. This interaction suggests that the intentional processing of numerical information is 
influenced by the automatic and unintentional processing of physical information when 
preparing behavioural responses. However, behavioural data cannot reveal the fine-grained 
temporal dynamics of processing physical and numerical magnitudes.  
For the purpose of revealing the intermingled temporal dynamics of numerical and physical 
size processing, we also measured ERPs. As explained earlier, the advantage of ERPs over 
behavioural measurements are that cognitive processes can be measured online, before the overt 
behavioural response is initiated. Our ERP data showed that the processing of numerical 
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magnitudes, as indicated by the numerical distance effect, and the processing of irrelevant 
physical properties, as indicated by the size congruity effects, occurred at the same time in 
children. On one hand, the interaction of numerical distance and congruency effects in children 
between 200 and 300 ms indicated that the processing of numerical magnitudes happened at 
around 200 ms after stimulus presentation. On the other hand, the interaction with the 
congruency effect means that numerical processing was also intermingled with the processing of 
physical sizes. However, we have to note here, that the interaction detected in ERPs does not 
reflect the distance effect in RT data in children. The main effect of distance is significant and is 
not intermingled with congruency in RT. This is in contradiction with our earlier findings (Szucs 
et al., 2007), where the main effect of numerical distance was significant in the ERPs in grade 3 
and grade 5 children. Most probably, the coincidence of congruency and distance effects 
covered, or overwrote the distance effect in ERPs in the present study – meanwhile, in older 
children (Szucs et al., 2007) and in adults the numerical distance effect precedes congruency 
effects and the two are not intermingled in ERPs. These findings confirm again that ERP and RT 
data provide complementary information. Meanwhile, adults exhibited the numerical distance 
effect in ERPs somewhat earlier than children, from 170 to 220 ms after stimulus presentation, 
and this effect was independent of congruency. The first congruency effects appeared around 
210-350 ms in adults, after the numerical distance effect. 
A possible developmental explanation is the following. First, due to less well-developed 
executive functioning in younger children, the children were less capable of focusing their 
attention on the task-relevant numerical information and were also less capable of inhibiting 
irrelevant physical size information. Therefore, the children were more susceptible to 
interference from irrelevant information and were unable to disentangle the numerical and 
 21
physical properties of the stimuli as fast and as effectively as adults. Second, although the 
processing of numerical information was nevertheless surprisingly fast in children (200 ms, see 
also Temple and Posner, 1998), it was still slower than in adults (170 ms), leaving more time for 
the automatically-processed physical information to intrude into decision-making processes. 
Both facilitation and interference effects were stronger in children, and this may be because the 
speed of accessing numerical representations from Arabic symbols is relatively slow compared 
to the speed of access to perceptual representations. Schwarz and Ischebeck (2003) proposed a 
race model for numerical processing which is similar to the ‘horse-race’ model of the color-word 
Stroop effect proposed in the Seventies (Morton and Chambers, 1973; Posner and Snyder, 1975).  
According to Schwarz and Ischebeck (2003), the task-relevant (i.e. numerical) and the task-
irrelevant (i.e. physical) comparison competes for control of the response until the decision is 
reached. Children are obviously less experienced with Arabic digits than adults, and they appear 
to need to spend more time (on average 30 ms) in translating these symbolic notations into 
numerical magnitudes – consequently leaving more time for the automatic physical comparison 
which is occurring at the same time to reach a prepotent response which either facilitates or 
interferes with the numerical information. These two explanations are obviously not mutually 
exclusive. Both the relatively less developed executive functioning and the speed differences 
between accessing physical and numerical representations lead to stronger interference and 
facilitation effects in children.  
The stronger behavioural interference effects found here for children are in accordance with 
the conclusions based on the ERP data. First, in line with our previous results (Szucs et al. 2007), 
the latency of the P3 ERP wave showed the congruency effect in adults, but not in children. This 
suggests that congruency is more related to the stimulus processing stage in adults and to the 
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response processing stage in children (Duncan-Johnson and Koppel 1981; Ilan and Polich 1999; 
Szucs et al., 2007). Second,   the concurrence of congruency and distance effect and the lack of 
an earlier distance main effect in ERPs in children suggest their relative inability to focus 
attention on the relevant aspect of the stimuli (numerical magnitude) and to inhibit task-
irrelevant and interfering information (physical size). However, this conclusion contrasts with 
previous findings from behavioural paradigms (Girelli et al, 2000; Rubinsten et al, 2002), where 
interference was found to be absent in young children’s reaction times and only appeared and got 
stronger in older children. Girelli et al. (2000) argued that the effect of incongruity was 
determined by the level of integration between the two dimensions: physical size was processed 
automatically and inevitably by young children, but the representational integration of Arabic 
numerals and physical size was not yet fully complete. In our study, we had a mixed age group 
consisting of first, second and third grade children, leaving the possibility that the significant 
interference effect was mainly driven by the older children in the group. The low number of 
children in each group made the group by group comparisons impossible. However, there were 
only 5 children from the 3rd grade, and even so we should have found that interference was 
largest in the adult group. In fact, we found the opposite: interference was weaker in adults than 
in children. We therefore conclude that it is the ability to inhibit task-irrelevant information 
(Posner, 1978) and the relative dominance of perceptual properties over numerical symbols 
(Piaget, 1952) that is reflected by the interference and facilitation ERP effects found in the 
numerical Stroop paradigm for young children. 
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Conclusion 
Converging evidence from behavioral and ERP data showed that young children (6-8 year-
olds) were more susceptible to interference and facilitation from irrelevant physical information 
than adults. ERP data revealed that the processing of physical information intruded upon 
numerical processing at a very early stage, suggesting a fast and automatic processing of 
irrelevant physical information. Meanwhile, access to numerical representations was almost as 
fast in children as in adults (see also Temple and Posner, 1998; Szucs et al, 2007). We conclude 
that both a relative weakness in inhibiting irrelevant information and the relative salience of 
perceptual properties over symbolic numbers contribute to young children’s difficulties under 
circumstances where more than one stimulus dimension is present. Our present findings also 
support the conclusion of Szucs et al (2007): despite the very fast activation of numerical 
representations, children lag behind adults in numerical behavior because they have more 
difficulties with inhibiting irrelevant information and with organizing their responses. This raises 
the intriguing possibility that developmental deficits in numerical behaviour could arise from 
difficulties in the inhibition of irrelevant information and in response organization rather than 
from difficulties in forming and gaining rapid access to numerical representations. 
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Figure captions 
 
Figure 1: Example stimuli demonstrating the levels of numerical distance (ND 1 and ND 7) and 
the levels of congruency. 
 
Figure 2: Schematic presentation of a trial. The trial starts with a picture of an eye (for 500 ms), 
participants are asked to blink during the presentation time of these pictures if they needed. The 
eye is followed by a 500 ms pause, and then the stimuli are presented until a response is given, 
with a maximum of 3 sec. There is a 500 ms gap again before the start of the next trial. 
 
Figure 3: A and B :Congruency effects in adults and children.  
C and D: ‘Facilitation’ (Neutral minus Congruent) and ‘interference’ (Neutral minus 
incongruent) effects in adults and children. A: Accuracy. B: Response time. 
 
Figure 4: Congruency × Numerical distance in both groups. # denotes p<0.62, ** denotes 
p<0.01. 
 
Figure 5: Topographic plots of significant Congruency effects. B: Post-hoc comparisons of the 
Congruency conditions (Neu = neutral, Con = congruent, and Inc = incongruent), performed on 
amplitudes averaged over the denoted time intervals, over the centro-parietal electrodes. ** 
denotes p<0.01, * denotes p<0.05. C: ERPs measured on the most typical electrodes; significant 
time intervals are denoted by grey boxes. 
 
 32
Figure 6: Congruency × Numerical distance effects in adults in two separate time intervals (A 
and B). Bar graphs below topographic plots show Numerical distance effects in each different 
conditions of Congruency. ** denotes p<0.01; * denotes p<0.05 
 
Figure 7: Congruency × Numerical distance effects in children. 
 
Figure 8: Numerical distance effect in adults. 
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